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Abstract 

We investigate transport through ionic liquid gated field efled transistors (HiTil hased 
on exfoliated ciyiUli of semiconducting* WS;. Upon election accumulation. at surface den¬ 
sities close to or just larger than 10 U cm"*, transport exhibits metallic behavior. widi llie 
surface resistivity decreasing pronouncedly upon coaling. A detailed charaeten/atnm us a 
(unction of trmperalurc and magnetic held clearly shows the occurrence of a gale induivd su¬ 
perconducting IransiliOQ below a critical irmfx* rat lire 7^ 4 K, a finding tlut represents die 

lirsi demonstration of superconductivity in tungsten based termcoodiKiing transition metal 
diclukogriudcv We investigate tlic nature of superconductivity and tind significant inbomu- 
geneity, icig moling from the local detaching of die frozen ionic liquid from the WS: sui 
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lair. Despite llit mliommgcneit)-. »c tind dial in all case* where a fully developed mu ic- 
uttaice 'laic is ohrned. ihtfcn-iu properties i>l lhi devices exhibit a hehusiiv chamilcmlii 
of a Bcrc/inskii KovliilIU - Thou less transition. ai il could be expected in view ol Un two- 
dimensional nalurr of ihi electrostatically accumulated electron »y»lem. 

Semiconducting transition metal dichalcogcnides iTMDs: chemical formula MX;, with M = 
Mo. W and X = S. Se. Te) have been recently attracting considerable interest. Being van del WaaU 
layered materials, thin crystalline Hakes can be extracted out of bulk crystals by mechanical ex¬ 
foliation. and allow the realization of high-quality two-dimensional <2Di electronic systems with 
unique properties.^ From a fundamental perspective, for instance, the absence of invention sym¬ 
metry.-—a strong spin-orbit interaction.-'- and the direct nature of the hand-gap— in monolayers 
give unique control over the valley and the spin degrees of freedom.— — Additionally, high- 
quality field-effect transistors (FETs)&!2 and different kinds of opto-clectronic devices "MVfr S 
have been demonstrated, which may be in principle advantageous for future applications. 

Another reason that lias attracted attention to these materials is the occurrence of superconduc¬ 
tivity upon accumulation of electrons at the surface of MoS; and MoSe;. as it has been observed 
in a FET configuration.—'— Key to this result is the use of ionic liquid for electrostatic gating.^! 
which enables density of earners in excess of n = I0 IJ cm - * to be accumulated at the material 
surface, a much larger value than tliat accessible in FEr* with conventional solid dielectrics. The 
possibility to induce superconductivity electrostatically ts particularly appealing as compared to 
other methods (e.g.. doping by intercalatio n 1 ^ 13 1 because it docs not cause suuctural itiodificu- 
tiuns in tlie material, and therefore it ts likely to affect less its electronic hand structure (or at 
least to atlect it in a more controlled way. since the result of intercalation dc|kends suotigly on 
the spatial arrangement of the tniercalani atoms). Additionally, the technique allows exploring 
superconductivity in earner density ranges that may not tie accessible by intercalation, as it has 
been recently repotted fur MoS; (where a lower carrier density unex|iectedly gives use to a larger 
cuticul temperature* MZ 

So fur. only a very limited amount of work on elcctrustalically induced superconductivity in 


ionic liquid gated TMDs has been reported^!— and many different interesting question* remain 
to be answered. One is whether die possibility to induce superconduiiivity electrostatically is 
confined to Mo-based compounds nl«e only ones in which the phenomenon has been observed 
so fat i. or whether it is more general. Indeed, recent low-temperature transport measurements of 
ionic liquid gated WSe ; FETs have not revealed the occurrence of a superconducting transition 
foi 7 a> low as 1.5 K. despite the accumulation of surface electron densities significantly larger 
than •*» I0 IJ cm' 2 .— Oilier questions concent the nature of superconductivity, specifically the 
homogeneity of the superconducting state, and whether signatures can be found in the experiments 
of the 2D character—— of the superconducting transition, which can be expected given that at 
n ~ IQ 14 the thickness of tlio electron accumulation layer at surface^ is appioximaiely I nm. 

We have addressed these issues by peifonning investigations of low-temperature transport in 
ionic liquid gated FHTs realized on thin exfoliated crystals of WS’. At sufficiently high gate 
voltage -corresponding to accumulated surface carrier density of n 2 ; 10 14 - we observe that the 
square resistance initially decreases upon cooling, and then saturates when 7 is lowered below 40 
K. a cleai manifestation of metallic behavior. Upon iuitlier cooling, a sharp decrease in resistivity 
is observed with an unset ai approximately 4 K. leading to a zero resistance state at ~ 0.5A! (the 
precise values of temperature depend on the device and on Use cool-down). The application of a 
peipendicular magnetic field H results in the dcstnietion of the zero-resistance stale (already at very 
low H) and in a progressive increase of ilie dev ice resistance, which at H ~ 0.1 T reaches the normal 
stale value These observations provide a clear experimental demonstration of the occuncnce of 
elecuostatically induced superconductivity at the surface of WS.. 

We further investigate Use properties and charaetei of die su|>erconducting slate, by perfonn- 
ing measurements on devices with many different pair of contacts, which allow us to characterize 
lrans|Nui locally. Alihough. a clear sigiuluie of die superconducting transition is geneially ob¬ 
served urespeciive of the pan of the dev ice piohcd. a strong inhomogeneity in square* resistance, 
carrier density and critical temperature are also regularly observed. We attribute die inhomogene- 
ity to die fiozen ionic hquid dial locally detaches from the WS: surface, resulting in large variation 



of the local capacitance, and therefore of the density of accumulated charge. Despite these inho- 
mogeneitics. we find that tlie temperature-dependent / — V' curves measured in the legions of the 
devices where a zero-resistance state is observed exhibit the behavior typically associated to 2D 
superconductor*?? — of the Bcrezinskii-Kosierlitz-Thouless <BKTi type. Besides providing the 
first demonstration of electrostatically induced superconduetiv ity at the surface of WS». our find¬ 
ings reveal different interesting aspects of ionic-liquid gated devices tlut arc certainly relevant to 
undci stand the low-T normal and superconducting transport properties of there systems. 

Fig. 1(a) shows an optical microscope image of a 20 nm thick WS ? flake. The flake was 
exfoliated from a bulk crystal and transferred onto a SifSiO; substrate. Contacts consist of aTIMu 
(10/50 nm) hdayer and were defined by conventional nano-fabrication techniques ielectron-beam 
lithography, metal evaporation and lift-off). Together with tike contact*, a large-area pad acting as 
gate was also defined (sec Fig. 11hi for the schematic device configuration). To form tl*e ionic 
gated FET. a small droplet of ionic liquid DEME-TFSI was placed onto the device (Fig. I(bu 
in (he controlled environment of a glove-box. after which the device was rapidly uantfetred in 
the vacuum chamber of a 3He eryostat used for the /-dependent tiaiuport measurements. Before 
starting the measurements, the device was left in vacuum, ai room temperature, at a pressure of 
Ri HI -6 mbar for one day to remove humidity and oxygen present in the ionic liquid. Three similar 
devices were investigated in detail, with multiple cool-downs at different values of gate voltage, 
and exhibited vimudly identical iraits|*»t behavior: here we show data from one of them which is 
representative of this behavior. 

We start with the characterization of the device room-tempera!uic transport properties. The 
transfet curve li.e.. the source-drain (S-D) current Iso measured as a function of gate voltage 
Vo) is shown in Fig. 1(c) for a souice-draui bias I'm = I 111 V. The data exhibit clear ambipotur 
transpoit. similarly to what we have reported previously — To eliminate contact effects and to 
check the device hotnogeueiiy, we measured four-terminal resistances using as voltage probes 
different, adjacent pairs of contacts inuinhered from I to 10 111 Fig l(ui; in all cases -here and 111 
the remainder of this paper, if not stated otherwise- the current is sent from the S to the D contact). 
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The square resistance values (A! 0 ) obtained in this way are plotted in the inset of Fig. Mil as 
a function of V a . They exhibit variation, of at most 50 ‘f. in large pan due to the difficulty to 
define rise device dimensions precisely when calculating fP. and to the geometry of ilsc WS. flake, 
that results in a non peifectly uniform curient distribution. Overall, therefore, these measurements 
indicate a reasonably good electrical homogeneity of tire devices at room temperature, when the 
ionic gate is still in the liquid state. 

To investigate low-temperature electronic transpon upon accumulation of a high density of 
electrons, tire device temperature wa. set just above the freezing point of DEME-TFSI.-ii-!-^-i 
and tire gate voltage applied. At this lower T possible chemical reactions between \VS; and the 
ionic liquid slow down, enabling a much wider range of l'«; to Ire applied without causing device 
degradation. Values of Vc between 3 and ti V were applied in different measurement runs, after 
which die device was cooled dow n to the base temperature of our 3He system <0.25 K). Throughout 
this procedure, the gate leakage ament wa. monitored to ensure that it remained negligibly small 
(below I nAl. 

Figure 2<a| shows die tempeiature dependence of the square resistance at l' c = 3.7 V. obtained 
in a fuur-piobe configuration by measuring the voltage between contacts 7 and 8 (see Fig. I(al; a 
current bias of 30 nA was loiced from S to Di. Metallic Uaiisport is observed, w ith /f° fust decreas¬ 
ing as T is lowered to approximately 30-40 K. and then saturating to /P ~ 550S1. Upon lurtlrer 
cooling we see drat, below approximately 7 = 4K. the device exhibits a shaip. laige decrease of 
resistance. Fig 2(b) zooms-in on the behavior of l<P{T) below T = 10 K. making it apparent that 
at T ~ •! K. the device stalls undetgomg a transition to a zero resistance state, which ts attained 
below T = 0.4 K. Hus is tire first observation of a su|>ereoirducting slate in WSj. It deinonstiates 
that the possibility of electrostatically inducing supeiionductiviiy in semiconducting TMDs is not 
conlined to Mo-based compounds^— (the only ones in which the plrenoitienun lead been repoiied 
so far). 

To furdiei substantiate that die zero-resistance state is a manifestation of supcicunductivity. 
we investigated trans|>oit in the presence of an applied pei|>endieulai magnetic field. Tlie mag- 



netoresistance measured at 7 = 0.25 K is shown in ihc inset of Fig. 2<b). We And that a ttuly 
zero-resistance state persists only up to ft = 10 G. and that at higher values of ft the resistance in¬ 
creases rapidly, reaching tlve value measured in tire normal state at B = 0.I4T <i.e.. the critical field 
at 7 = 0.25 K is B,- = 0.14 T). For large field values the magnetoresistance is essentially negligible. 
Fig. 2(c) funher shows tlse evolution of ffl as a function of 7. in the presence of different values 
of applied perpendicular field, which confirms how superconductivity is suppressed on a magnetic 
field scale of B 0.1 T. The same data show that above 4 K virtually no change of resistance with 
magnetic field is observed, confirming that the critical temperature 7<- ~ 4 K <rathet surprisingly. 
Tc does not seem to shift significantly upon live application of a magnetic field, this may be related 
to the inhomogeneity present in the device, see below). To identify Tc more precisely, we subtract 
the resistances measured at B = (I and 0.1 T (inset of Fig. 2(c)). from which we can see that the 
difference of the two resistances starts to deviate from zero for 7 < 4.25 K (i.e.. Tc = 4.25 K). 

We have also analyzed the current-voltage (/ — V') characteristics, obtained by measuring volt¬ 
age between contacts 7 and 8 as a function of /so- Fig. 2(d) and 2(e) show the evolution of the 
/ — V curves as a function of tempeiature (at B = 0 T: Fig. 2(d)) and of magnetic field (at 7 = 
0.25 K: Fig. 2(e)). At T = 0.25 K with B = 0 T. the maximum supercuirent (i.e.. live critical 
current) is fr« = 0.3 ((A. With increasing 7 or B the supercuirent is suppressed, and live / — V 
curv es become fully linear for 7 > T c or H > ft,-. as expected. In Fig. 2(f). the evolution of critical 
current with magnetic field is shown more clearly in a two-dimensional (2D I color plot of the /-|V’| 
characteristics measured at base tempeiature as a function of ft. 

Having established the occurrence of an electrostatically induced superconducting state in ionic 
liquid gated WS; devices, we discuss some important aspects of its nature that could be determined 
from our experiments. A first, very important aspect regards the presence of a rather strong elec¬ 
tronic inhomogeneity, which can be illustrated by several different measurements. For instance. 
Fig. 3(a) shows the low-temperature square resistance ft a (7) at Vo = 3.7 V obtained by using 
contacts S and D to current bias the device (fro = 30 nA). and different pairs of contacts (indicated 
according to the labeling of Fig. 1(a)) to measure the resulting voltage drop. In all measurements 


6 



the superconducting transition is clearly seen. However, live square resistance in the normal state, 
the value of critical temperature. and the resistance well below the superconducting transition all 
depend 'trendy on the contacts used to perform the measurements. The square resistance vanes 
by almost one older of magnitude tin contrast with the rather homogeneous behavior observed at 
room temperature). T c - ranges between approximately 2 and 4 K (the ranee is even broader if we 
include data from all the device measured), and tire remnant square resistance w ell below T c varies 
between 0 to approximately 300 fl. This type of behav ior has been observed in all lire different de¬ 
vices that we have measured, and upon cooling a same device multiple times. The inhomogeneity 
also manifests itself in large local satiations of cairiet density (apprexintaiely a factor of 4 across 
the entire device} extracted from Hall measurements peifomied with different pairs of contacts 
tree Fig. 3(hl>. From all these oliscrvutions we conclude dial the electronic mhomogcncity needs 
to be taken into account in the interpretation of the expeiimental results. For instance establishing 
a well-delincd relation between Tc and u is problematic, as shown in Fig. 3ie): if we plot all the 
data points available, any possible relation between Tc and « is eclipsed by the device inhomo- 
geneily (establishing sueh a relation may be (tossiblc by selecting data according to some criterion, 
but it certainly remains important to check whctlier the result represents well the behavior of the 
ex|ienineiital system). 

In the superconducting state, the inhomogcneiiy also manifests itself in interesting w ay s that 
provide information about the underlying length scale. Fig. 3(d) shows the variation of / — V 
curves upon finely varying the upplied pctpcruiculai magnetic held, on a scale of a few Gauss. An 
oscillatory behavior ol the critical cuirent is apparent, with a rather precisely well-defined peilod. 
These oscillations in critical cuirent are a manifestation of quantum interference, the same mecha¬ 
nism res|Kmsihle fur the o|tcraiiou of SQUID dev ices.— Their observation implies the presence of 
a superconducting loop encircling a non-supeiconducting region, with the critical current respond¬ 
ing periodically (with a period given by the superconducting llux quantum hflr) to variations of 
the magnetic flux through Use loop. From the peuod measured experimentally ifl.36 Gauss) we es¬ 
timate the area of the loop to correspond to a square of 7.6 * 7.6 fine (compatible with the sire of 


7 


ihe device area probed by ihc four-terminal measurements. which i' approximately 25 x 15 pm 2 ). 
This observation -j» well as all the measurements discussed above- ate compatible with die inho¬ 
mogeneity occurring over a rather large length scale < several microns: it appears possible tlrat on 
a length scale of approximately I micron the homogeneity is significantly better). In the future it 
will be particularly important to determine the length scale associate to the inhomogeneous charge 
density in ionic liquid gated devices and rind ways to substantially suppress this inhomogeneity. 

We believe that the observed inhomogeneity originates from the frozen ionic liquid detaching 
locally from the surface of the WSj device le.g.. because of different thermal expansion coeffi¬ 
cients). with the resulting increased distance between frozen liquid and live WSa surface causing 
a large decrease of geometrical capacitance, and correspondingly, of induced charge. Many ob- 
seivutions support this idea. For instance, we found that measurements of all the four-terminal 
resistances in a device such as the one .shown in Fig. Ital allow us to detetmine (at least approx¬ 
imately) the path follow ed by the current flow ing from the S to the D contact, and provide clear 
evidence for latgc patches of the surface not being conducting. Another indication can be obtained 
by comparing the temperature dependence of the square resistance upon cooling and wanning up 
the device (see Fig. 3(e)). Upon wanning up the device, the resistance is significantly huger than 
tlrat measured during cooling down las a result or the detachment of the liquid), but as soon as the 
melting temperature of the liquid is reached (at approximately 201) K). the resistance recovers ns 
original vulue. Indeed, as we discussed earlier on. when the ionic liquid is kept above its freezing 
point, the transport properties ure rather homogeneous. 

Another questiou wonlr investigating is whether the ex|tenments provide evidence for the 2D 
character of the superconducting state, which can certainly he expected, since live thickness of the 
accumulation layer at earner density values of n « I0 14 cm' 2 -determined by the elecuostauc 
screening length- is only approximately I uni To address this issue, we compare the behavior of 
the supercooducung transition in theoretical expectations for 2D Bcrezinski-Rosierlitz-Thouless 
(BKT) superconductivity^ — One ol the well-known properties of BKT superconductors is the 
occurrence of power law I — V curves:^di V « /“ where a = I for T well above Tbkt- rr = 3 


for T = Tbki'. ji “* a > 3 for T < T BKl < Tbki i» lire BKT transition temperature below whu.h 
a finite stiffness of the phase of Uie superconducting parameter appears,: ii is smaller ilian the 
mean-field critical temperature— where superconductivity appears locally, without global phase 
coherence(. Fig. 4<al shows the / — V curves measured well below the onset of superconductivity 
in log-log scale: the linear behavior observed (over one-to-two decades in current) reveals that a 
power law dependence does indeed hold. From the slope we extract the exponent a. whose T - 
dependence is shown in Fig. 4(b). a = 3 at T = 0.63 K. providing a find estimate of Jura . Mote 
evidence for BKT behavior is revealed by the temperature dependence of the resistance close to 
7flir. Theoretically, it is expected that R = rtors/>(—with /fti and b material dependent 
parameter*, and t = T/Tbki — I.—'—By plotting (r/(lnW a )/i/r] _ ^‘ and extrapolating linearly this 
quantity to zero provides a second, independent way to detcimine Tbki (see Fig. 4lc)i. Follow ing 
this procedure w e obtain Tbki = 0.67 K. in fairly good agreement with our previous estimate, 
indicating that at this level of analysis the experimental data ate compatible with superconduc tivity 
having a 2D character. 

Finally, we briefly compare electrostatically induced superconductivity on WS. to the same 
phenomenon observed on MoS ; . as teporied in Ref. Q. Overall, superconductivity in MnSi up- 
(vars to be much more robust, with a significantly higher critical tempetalute (in excess of 10 
K). surviving up to much luiger magnetic held values (approximately 10 T at low temperature), 
showing critical currents orders of magnitude luiger (Costruuo n al., unpublivliedl. and exhibit¬ 
ing a considerably narrower w idth of the superconducting transition as a function of lemperature. 
Indeed, we have observed superconductivity in MoSj also in our laboratory, exhibiting features 
similar to those repotted in Kef. Similar to the findings discussed here, however, oui mea¬ 
surements on MoS; also indicate the presence of inbomogeneity on u macroscopic scale, and a 
behavior compatible w ith 2D BKT superconductivity (our measurements un MoS; will lie pre- 
•culeil clsewlicrei. 


In summary, we have investigated electronic prupetties of ionic liquid gated WSj exfoliated 
crystals and observed the first occurrence of superconductivity in tins material. Next to chat- 


acidizing the superconducting properties, we have found dial ionic liquid gaied devices ai low 
temperature exhibit a strong inhomogeneity that needs to be taken into account when analyzing 
the data, and observed that the measurements appears to he compatible with the behav ior expected 
for 2D BKT superconductors. 
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Figuie 1: <al Optical microscope image of a device used in oui investigation (the WS- flake is 20 
nm thick: the white bar is 13 fim long). Tl>e numbcis < I to 10) label the contacts used to probe the 
transpoit locally in the device, upon sending current from tlsc source iS) to the drain <D| contact. 
The saw -tooth shape of the contacts is designed to increase the contact atca, which helps to reduce 
the contact resistance. (b> Schematic illustration of our ionic liquid gated field effect tnuuistani. 
under election accumulation, (c) Source-drain current </*o> a function of gate voltage ( V a I 
measured at room temperature w ith Vjg = I mV. The inset shows the square lesistancc extracted 
from multi-terminal measurements performed using different contacts as voltage probe 11 and 2 . 2 
and 3. t and 10L 
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Figure 2: Four-probe transport properties recorded at V<i = 3.7 V by measuring the voltage between 
contacts 7 and 8. as a function of soutce-drain current Iso- The observed temperature dependence 
of the square resistance reveals metallic behavior at higher temperatures la), followed by a super¬ 
conducting transition at lower T <b). The inset of panel lb) shows the magnetoiesrstance measured 
at T =0.25 K. <c> Evolution of the T dependence of the square resistance, for different values of 
perpendicular magnetic held. Tire inset shows the quantity tPib = OTl - lP(B= 0.1 T). which 
makes it possible to determine Tc more precisely. Evolution of current-voltage (/ — V' > characteris¬ 
tic as a function of T at B = 0T id) and as a function of H for T =0.25 K icl. (f>T\vo-dimcnsional 
color plot of / — |l'| as a function of B. 
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Figute 3: <jI Temperature dependence of the squate resistance <W a (7')i measured in a four- 
tenniiul configuration. with dilferent pairs of voltage probes iVa = 3.7 V: /sd = 30 nA). showing 
a considerable inhomogeneity. <b) Cairiei density « extracted at Va = 3.7 V from tire measurement 
of tire Hall effect at different positions in tire device (each letter eoiresponds to measurements done 
w ith a different pair of contacts: A= contacts I and 6. B= 2 and 7: C= 3 and 8. D= 4 and 9. and 
E= 5 and 10. with the labeling of Fig. Mali, tel 7c as a function of n. showing data obtained w ith 
different electrode pairs in the three different devices that we have studied. The laige variations 
of ii eclipses any systematic relation, tdi Color plot of the / — |V'| characteristic measured at low 
magnetic held B. showing a clear periodic oscillation of the critical current, ici Squate resistance 
A°(T) measured as a function of T white cooling and warming up tire device. 
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Figuic 4 (a) Puwer law dependence V « /" of the t — V characteristics |V measured wiili ihe 
contacts of 7 and X as a funclion of / ro ) for different values of T < T c . The solid lines aie best 
fits done in extract the exponent a (the inset shows R D (3") measured with tlie same contacts), 
(b) Terupmtuie dependence of the exponent a. T BKI = 0.63 K is deiennined by the cuntBtion 
u = 3. (c) Plot of (dtItiAT*- 1 i/d'7'|~-/-*. with a linear extrapolation of the linear pan. which provides 
an independent determination of Igur- This method gives T h ,-, = 0.67 K. in fairly good agreement 
w ith ilie analysis of ihe l — V curves. 
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